The processive motor myosin V has a relatively high affinity for actin in the presence of ATP and, thus, offers the unique opportunity to visualize some of the weaker, hitherto inaccessible, actin bound states of the ATPase cycle. Here, electron cryomicroscopy together with computer-based docking of crystal structures into three-dimensional (3D) reconstructions provide the atomic models of myosin V in both weak and strong actin bound states. One structure shows that ATP binding opens the long cleft dividing the actin binding region of the motor domain, thus destroying the strong binding actomyosin interface while rearranging loop 2 as a tether. Nucleotide analogs showed a second new state in which the lever arm points upward, in a prepower-stroke configuration (lever arm up) bound to actin before phosphate release. Our findings reveal how the structural elements of myosin V work together to allow myosin V to step along actin for multiple ATPase cycles without dissociating.
Introduction
The basic mechanism by which all myosins interact with actin is generally conserved, but different myosins have tuned their structural, kinetic, and mechanical properties to optimize performance for their particular cellular role. Myosin V has evolved to spend most of its cycle time attached to actin (i.e., a high-duty cycle), a requirement for it to move processively along an actin filament as it transports cargo (reviewed in Vale, 2003) . Myosin V has also undergone structural adaptations to its lever arm, which is elongated and contains six IQ motifs that each binds one calmodulin. This large span between motor domains allows the two heads to bind approximately 36 nm apart from each other as the molecule strides along an actin track for multiple ATPase cycles before detachment. However, the detailed structural mechanism that underlies such processive movement is still not understood.
The only actin bound myosin states that have been amenable to investigation by 3D electron cryomicros-*Correspondence: trybus@physiology.med.uvm.edu (K.M.T.); dorit@ burnham.org (D.H.) copy to date are "strongly bound" states, i.e., heads with bound ADP or heads without nucleotide (apo), which represent the final steps in the ATPase cycle. These studies showed that the lever arm is in the postpower-stroke position (lever arm down) when myosin is strongly bound to actin and that additional downward movement can occur for some myosins upon ADP release Whittaker et al., 1995) . We previously showed that the large cleft that divides the actin binding region of the motor domain is tightly closed in the rigor state for both smooth and skeletal myosins . In addition, we have shown that loops at the actin interface (loop 2) and at the nucleotide binding pocket (loop 1) are both flexible and therefore not visible in the crystal structures and become stabilized by actin binding . Recently, Holmes et al. (2003) have confirmed our observation for a closed actin binding cleft by using a rigor map of skeletal myosin.
Prior electron microscopy studies on myosin V, using negative staining and two-dimensional image averaging, have shown the molecule spanning the w36 nm actin helical repeat during ATP hydrolysis (Burgess et al., 2002; Walker et al., 2000) . Two types of lever arm positions that resemble the crystallographic pre-and postpower-stroke conformations were observed in projection, but no high-resolution information on changes within the motor domain could be obtained.
The only atomic-resolution myosin V structures available to date are in detached states, either without nucleotide (Coureux et al., 2003) or in the presence of ADP or ADP.BeF x (Coureux et al., 2004) . The nucleotide-free structure captures a unique conformation in which the lever arm is in a downward position, the actin binding cleft is in a closed conformation, and specific interactions between elements at the active site prevent highaffinity nucleotide binding. The structure in the presence of ADP was obtained by soaking preformed nucleotide-free crystals with ADP, resulting in minimal alterations of the nucleotide-free structure. Thus, this structure is believed to represent an intermediate state in which ADP is bound weakly to myosin and confirms that a closed cleft geometry is compatible with ADP binding (Coureux et Here, we use electron cryomicroscopy (cryoEM) to visualize actin bound structures of an expressed monomeric murine myosin V construct containing the motor domain and two calmodulin binding IQ motifs (MD2IQ). Myosin V's relatively high affinity for actin in the presence of ATP and triphosphate analogs allows us to visualize previously inaccessible states. Thus, 3D recon- 
Results
Reconstructions of Actin Decorated with Myosin V in the Strong Binding States (ADP, apo) and in the Presence of ATP Show Postpower-Stroke Lever-Arm Conformations Electron cryomicroscopy and helical reconstruction techniques were used to generate 3D maps for actin filaments as well as for myosin V MD2IQ-decorated actin filaments in the absence of nucleotide and in the presence of ADP or ATP (see Table 1 for quality indicators). We also processed each data set by using the iterative helical real space refinement method ( Acto-myosin V incubated with ATP could result in a mixed population of the true ATP state and various intermediate states. To ensure that our reconstructions of actin bound myosin V in the presence of ATP represent homogeneous populations, we carefully analyzed the appearance and optical diffraction patterns of filaments before we selected them for averaging. Inhomogeneity would be immediately apparent in the images as well as the diffraction patterns and would also affect the averaging statistics adversely. All filaments included in the average appeared homogenous, and the averaging statistics of the selected filaments support this notion in that its quality is comparable to those of the strongly bound states (see also For the experimental reconstructions, there were statistically significant peaks in the actin binding cleft region of the apo and ADP states for discrepancy maps of all post-and prestroke structures, indicating that the cleft is closed more tightly than in those crystal structures. These peaks disappeared when the closed-cleft myosin V structures were used for the calculations. In the ATP state, there was no extra density in the cleft region, no matter which crystal structure was used, even if the significance criterion was substantially relaxed. The lack of extra density in the cleft region shows clearly that the actin binding cleft in the ATP state is open.
Loop 2 of Myosin V Acts as a Tether for the Weakly Bound States
Our discrepancy map analysis shows significant peaks in the vicinity of loop 1 (near the entrance of the nucleotide binding pocket) and loop 2 (the charged loop at the actin binding interface) for all three states (Figures  2 and 3) . These loops are disordered in the detached crystal structures, and the presence of extra density in the actomyosin reconstructions indicates that these loops are stabilized upon actin binding. We confirmed by test calculations that changes in stability and position of loop 1 and loop 2 can explain all the observed discrepancy map patterns at the resolution of the reconstructions (details in the Supplemental Data and Figure S2 ). In the presence of ATP, the loop 2 density shows a clear and significant shift from the position it adopts in the strongly bound states. Loop 2 moves away from acidic residues in subdomain 1 of actin (near the N terminus and residues 24-28), and extends toward subdomain 2 of the actin monomer below. The loop rearranges again in the presence of AMPPNP and interacts electrostatically with the N-terminal acidic patches of the upper actin and with an acidic patch around residue 100 of the lower actin. Thus, loop 2 maintains contact in the weakly bound states of myosin V and tethers the molecule to the actin filament.
Actomyosin Interactions Change Substantially During the Hydrolysis Cycle
The solution-set approach used for docking in this study allows assigning of the probability of interaction to each atom of the interaction partners (Volkmann et  al., 2000) . Briefly, for all solutions that are part of the solution set (i.e., are compatible with the data), the distance for each atom to the interface is tested. If the atom is closer than the interaction distance (0.6 nm in this study), the atom gets a score of one and otherwise is assigned as zero (Hanein et al., 1998) . The scores are added up for all permissible solutions and divided by the number of solutions used for the calculation. The higher the score, the more consistently the atom is within the interaction distance of its binding partner. postpower-stroke conformation similar to the ATP state, and a second population showed a conformation in which the lever arm had undergone a dramatic upward shift to a position almost parallel to the filament axis and was poised for the postulated "power stroke" (Figure 1, "transition state" ). This new conformation of the lever arm is closest to that observed in the crystal structure of smooth muscle myosin with a transitionstate analog bound to the active site (Dominguez et al., 1998) . Biochemical studies with myosin V suggest that AMPPNP induces a state that is intermediate between weak and strong binding, which could represent a posthydrolysis ADP.Pi state (Yengo et al., 2002) . The angle of the lever arm in this state with respect to the actin filament appears to be larger than that observed in 2D averages of negatively stained two-headed constructs (Burgess et al., 2002) . The difference may be due either to the lack of the second head in our construct, which would restrain the movement of the lever arm, or potentially due to artifacts in the negatively stained preparation in the studies of Burgess et al. (2002 Burgess et al. ( , 1997 . Extrapolating our data to a full-length lever arm, we would predict a maximum change in lever-arm position of 35-38 nm from the transition state to the ADP state, assuming that the lever arm acts as a rigid rod. This extrapolated value is higher than the functional 20-25 nm power stroke determined from optical trap measurements of single-headed constructs (discussed in Moore et al., 2004) , implying that compliancy in the lever arm may contribute to decreasing the effective working stroke.
In the strongly bound myosin V states, the lever arm is in a postpower-stroke position, pointing toward the direction of movement and corresponding to the "down- Our data reveal structural insights that allow us to add information to the current consensus model of processive movement of double-headed myosin V on actin (Figure 6) (reviewed in Vale, 2003) . We start arbitrarily with a configuration in which the trailing head is strongly attached to actin in the ADP state and the leading head is detached and in the ADP.Pi conformation ( Figure 6A ). The trailing head has its lever arm in a nearly postpower-stroke configuration (i.e., its lever arm points downward in the walking direction), and the cleft is closed. The leading head is detached and in the ADP.Pi conformation with the lever arm in a prepowerstroke conformation, searching for the next actin binding site. The leading head binds to actin primarily through electrostatic interactions between loop 2 and acidic patches in both the upper and lower actins (Figures 6A and 6B) . Thus, loop 2 acts as a tether, which allows the head to maintain attachment when it is not under strain (i.e., it did not release Pi yet). Actin binding triggers Pi release from the leading head. When the Pi is released, the energy is stored in the strained head, Figure 6E ). Because the tethering is relatively weak, the strain in the lead head triggers detachment of the trailing head, allowing the strained lead head to execute its power stroke ( Figure 6F ). At the same time, the former trailing head gets thrust forward, hydrolyses ATP, and becomes the new leading head in a prepowerstroke conformation. After detachment from actin and initiation of hydrolysis, this head closes its cleft partially and exercises a reverse power stroke to form the detached transition state observed by crystallography for myosin II, ready to attach to the next binding site (Figures 6A and 6B) .
It is noteworthy that we observe a single population for myosin V in the presence of ATP (lever down) but two populations for the attached transition (ADP.Pi) state (lever arm up or down). This observation implies that the detached head must hydrolyze ATP before it can become the new lead head with a prepower-stroke lever arm ( Figures 6F to 6A transition) . Moreover, the ability of the attached transition state to also adopt a postpower-stroke lever arm is likely a safeguard for maintaining processivity without back stepping in case the trail head hydrolyzes ATP while it is still attached to actin. This would allow the trailing head to remain attached to actin for a complete hydrolysis cycle without changing its lever arm position, thus maintaining the correct position for the leading head to seek the next actin binding site and continue processive movement.
Experimental Procedures Protein Preparation
Chicken skeletal muscle actin was prepared and stored as described . It was generally used within 2-3 weeks of preparation. The murine myosin V construct consisting of the motor domain and two IQ binding motifs (MD2IQ) was truncated at amino acid 820, followed by a C-terminal FLAG epitope (DYKDDDDK) for affinity chromatography. Protein expression and purification is as described in Krementsov et al. (2004) . The purified protein contained two bound calmodulins.
Actomyosin Complexes
Actin was diluted to w0.05 mg/ml with 5 mM Imidazole (pH 7.5), 5 mM KCL, 2 mM MgCl 2 , and 3 mM NaN 3 just prior to application to the glow-discharged 400-mesh copper grids coated with holey carbon film. After 1 min incubation in a humid chamber, the grids were rinsed twice with dilution buffer without the myosin but containing the relevant nucleotide (2 mM MgADP.AlF 4 , 1 mM MgAMP-PNP, 1 mM MgADP, 1 mM MgATP, or no nucleotide for the apo state). Five microliters of MD2IQ was then incubated in nucleotide and was diluted to w0.1 mg/ml in 10 mM Imidazole (pH 7.4), 10 mM NaCl, 1 mM MgCl 2 , 1 mM EGTA, 1 mM DTT, 1 mM NaN 3 , and nucleotide, applied to the grid for 30 s, and replaced by an additional drop of sample (30 s). The excess of liquid was blotted, and the grids were plunged into liquid ethane cooled by LN 2 . ATP samples were freshly prepared in the cold room for each grid, and the MgATP was mixed with MD2IQ prior to application to the grid. MD2IQ was mixed with nucleotide at least 30 min prior to the experiment, except for ATP, which was mixed immediately prior to application to the grid. 
Electron Microscopy

Helical Reconstruction
Helical reconstructions were obtained with the Brandeis Helical Package (Owen et al., 1996) as described (Volkmann et al., 2000) .
All reconstructions included 23 layer lines that were trimmed to 2.1 nm resolution. Because this resolution is within the first zero of the contrast transfer function, no phase correction was necessary. The abrupt edge that was introduced by this procedure was smoothed to zero by using a Gaussian falloff. Only layer lines that were found to be statistically significant in at least one of the individual filaments were used and included orders 2, −11, 4, −9, 6,−7, 8, −5, −3,  −1, −12, 3, 14, 1, 5, −8, −4, −2, 7, −6, 13 , and the equator. Individual filaments were reconstructed separately, aligned in real space (Hanein et al., 1997; Volkmann et al., 2000) , normalized, and averaged. Quality indicators for the reconstructions are shown in Table 1 .
Reconstruction by Iterative Helical Real Space Refinement
The iterative helical real space refinement method (Egelman, 2000) is a hybrid approach that uses real-space, single-particle processing and imposition of helical symmetry in an iterative manner. Our implementation uses EMAN (Ludtke et al., 1999) for the single-particle reconstruction portion and routines adapted from the CoAn suite (Volkmann and Hanein, 1999, 2003) to determine and impose the helical symmetry. This implementation was extensively tested with calculated and experimental data from frozen-hydrated actomyosin (see Supplemental Data). The first step of the procedure is the selection of overlapping boxes containing short helical segments. The optimal box size and overlap depend on several factors including desired resolution, signal-to-noise ratio, diameter of the helical structure, helical symmetry, and the homogeneity of the data set. A box size of 80 × 80 pixels with a 0.54 nm pixel size was used. This corresponds to about 15 asymmetric units of the helix, a little over one actin crossover. An overlap of 60 pixels was chosen, allowing every asymmetric unit to contribute to four different views of the helix. , 1999 ). There were distinct density differences between the actin reconstructions and the model in the C-terminal region of the actin model. These differences were also present when the docked actin model was compared to maps of actin decorated with myosin or other actin binding proteins , indicating a systematic mismatch between the model and the filament density. We modified the C-terminal region of actin to minimize these differences by using crosslinking constraints (Orlova et al., 2001) and stereochemistry as a guiding principle. After redocking the refined model into the reconstructions of undecorated actin, no further differences were observed. The accuracy of the docking was estimated by using two independent reconstructions and solution set analysis (Volkmann and Hanein, 1999, 2003) .
Actin Modeling and Docking
Myosin Docking and Modeling
After real-space alignment (Hanein and DeRosier, 1999), the reconstruction of undecorated actin was subtracted from the respective myosin-V-decorated maps. Single units of the actin bound myosin-V densities were isolated with the watershed transform (Volkmann, 2002) . Modular docking was used for the apo, ADP, and ATP reconstructions. The structure was divided into the motor domain (MD) and the two calmodulin chain regions. The relatively low resolution of the AMPPNP reconstruction did not permit modular docking, and an iterative refinement was used instead. At least two reconstructions for each type were used for crossvalidation throughout. For the MD docking, the available structures were divided into three groups. The postpower-stroke conformation was represented by pdb-entries 1MMA, 1MMN, 1MMD, 1MME, 2MYS, 1KK7, 1FMV, 1FMW, and 1W7J. The prepower-stroke conformation was represented by pdb-entries 1BR1, 1BR2, 1BR4, 1DFL, 1MND, and 1VOM. The third group contains the myosin V crystal structures with a similar lever arm position as the poststroke conformation but with a more tightly closed actin binding cleft in the absence of nucleotide and included the following: 1OE9, 1W8J (four asymmetric units), and 1W7I. The two bound calmodulins were modeled with the calmodulin-like essential light chain (LC1-sa) taken from the myosin V crystal structure. Docking was done into discrepancy maps (see below) that had the MD portion removed. The initial placement of the first calmodulin was extrapolated from the docked crystal structure and then refined by using the refinement module from CoAn. After docking, the contribution of the first calmodulin model was removed from the map by discrepancy mapping and then the second calmodulin model was docked into the remainder without constraints. Regularization with REFMAC5 (Murshudov et al., 1997) was performed for all atomic models to relieve distortions in stereochemistry.
Discrepancy Mapping
In this technique, density is first calculated from the docked atomic model by using electronic scattering factors. Then, image-formation and image-analysis artifacts present in the reconstruction are compensated for by matching the Fourier amplitude spectrum of the calculated density to the observed one and by scaling the densities appropriately. Lastly, the modified density is subtracted voxel-wise from the observed reconstruction. The resulting discrepancy maps allow reliable localization of regions where the reconstruction has significantly more density than the model can explain. Through the use of multiple maps and crystal structures, an error estimate (standard deviation) for each voxel in the discrepancy maps can be calculated. This feature allows assignment of statistical significance. Peaks were considered significant if their value was at least three times their standard deviation. 
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